Introduction 51
Metazoan mitochondrial genome is typically built of double-stranded 52 circular DNA molecules of about 15-17 kb and usually encodes for 37 genes: 13 53 protein-coding genes (PCGs), 2 ribosomal RNA genes and 22 transfer RNAs that 54 are indispensable for protein translation (Boore, 1999; Liu et al., 2013) . 55
Mitochondrial genes are considered important tools for evolutionary and 56 phylogenetic studies because of its high mutation rates, maternal transmission 57 (with exceptions in some animal groups) and the abundance of mitochondrial 58 copies in cells. In most metazoan taxa, gene order is usually well conserved. TaKaRa) and 1 μl of template DNA. Thermal cycling conditions were as follows: 132 initial denaturation for 2 min at 98 °C, followed by 35 cycles of denaturation for 133 20 s at 94 °C, annealing for 35 s at 60 °C, and extension for 10 min at 68 °C, 134 followed by a final extension for 10 min at 72 °C. Amplicons were 135 electrophoresed in 1% agarose gels, stained with ethidium-bromide, and 136 visualized under UV light. Subsequently, PCR products were extracted and 137 purified using the QIAquick Gel Extraction kit (Quiagen, Hilden, Germany), 138 directly sequenced in both directions by primer walking method on an ABI 139 PRISM 3130XL Genetic Analyzer (Applied Biosystems, Hitachi, Japan). 140
The largest non-coding region of the P. albicans and P. maximus 141 mitogenomes is characterized for the presence of long tandems repeats (1.6 kb 142 approx; Rigaa et al., 1995) and homopolymer runs, which affected the PCR 143 reaction and DNA sequencing process by polymerase slippage. Regrettably, ain size in P. albicans and P. maximus, respectively). Thus, only the complete 146 mitochondrial coding region is reported for both species. 147
Additionally, to identify the gene cluster nad1-rrnL-cox1 in more scallop 148 species, a highly conserved fragment including partial sequence of genes nad1 149 and cox1 flanking the complete genes rrnL, trnR and trnM were amplified and 150 sequenced in six additional scallop species including Amusium pleuronectes, 151
Ylistrum japonicum, Annachlamys macassarensis, Bractechlamys vexillum, 152
Decatopecten radula and Mimachlamys sanguinea. We followed same strategy as 153
Marín et al. (2015) , using a combination of degenerated and specific primers. 154
Sequence assembling and gene identification 155
The mitogenome sequences were assembled manually using MEGA 5.2 156 software (Tamura et al., 2011) . The mitochondrial genomes were annotated 157 using MITOS web service (Bernt et al., 2013) . PCGs were identified with ORF 158
Finder (NCBI website) using invertebrate mitochondrial code. PCGs denoted by 159 putative ORFs were then identified by sequence similarity with BLASTP (NCBI 160 website). Ribosomal RNA genes were identified by multi-alignment with 161
GenBank sequences of bivalve mitogenomes. The tRNA genes were identified by 162 tRNAScan-SE 1.21 Search Server (Lowe and Eddy 1997), using the invertebrate 163 mitochondrial codon sequence, MITOS annotation web service or using 164 secondary structures and anticodons when necessary. The whole mitochondrial 165 genome sequences were tested for potentially tandem repeats by TANDEM 166 REPEAT FINDER, Version 4.0 (Benson 1999 
Phylogenetic analysis 170
The complete PCGs from the available mitogenomes of 7 scallop species 171 along with the two newly developed mitogenomes were used to infer their 172 phylogenetic relationships. The oysters Pinctada maxima (NC_018752) and 173
Crassostrea gigas (EU672831) were used as outgroups in all the analyses. The 174 translated amino acid sequences of 12 PCGs were aligned separately with 175
ClustalW. Poorly aligned positions and gaps were excluded using Gblocks 176 PCGs (atp6, cox1 to cox3, cytb, nad1 to nad6, nad4L), two ribosomal RNA genes, 211 20 (P. albicans) to 22 (P. maximus) transfer RNAs and the missing atp8 gene. In 212 both Pecten species all genes are encoded in the same strand with two 213 overlapping genes (17 nt between nad4L and cox3). In P. albicans the genes nad2 214 and nad3 are also overlapping by one nucleotide.
Twelve PCGs were identified in both Pecten mitogenomes (Table 2) . 217
Overall, the complete length of PCGs in P. albicans (11403 nt) and P. maximus 218 (11397 nt) accounted for 50.5% and 46.0% of their whole genome, respectively. 219
Total A+T content from complete PCG sequences was 59.4 and 59.8 in P. albicans 220 and P. maximus, respectively. Excluding the termination codons, a total of 3780 221 and 3787 amino acids are encoded by P. albicans and P. maximus mitogenomes, 222
respectively. The amino acid frequencies are quite similar between both Pecten 223 species. For both species, the upmost used amino acids are Leucine (12.9%), 224
Valine (11.0%), Serine (10.3%), Glycine (9.9-10.0%) and Phenylalanine (9.7-225 9.8%). The overall amino acid sequence identity between P. albicans and P. 226 maximus is 98.7%. The pairwise amino acid identity for homologous genes 227 ranged from 97.2% for cox3 to 100% for nad4 and nad4L genes ( Table 2 ). The 228 most common eukaryotic genome start codon ATN was found in more than half 229 of all PCGs of both species (atp6, cox1, cox2, cox3, nad4, nad5, nad4L, and nad3 230 only in P. albicans), whereas the alternative triplets GTG and TTG are used as 231 start codons for the genes nad1 and nad2 and the genes nad6 and cytb, 232 respectively. The triplet TTG was also used by P. maximus as start codon of the 233 
rRNA and tRNA genes 237
In P. albicans and P. maximus, the length of the rrnS and rrnL genes were 238 965 and 1423 bp and 965 and 1421 bp, respectively. In both species, the rrnS 239 gene is located between trnA and trnQ genes, and the rrnL gene between trnR 240 and cox1 genes. Sequence identity for rrnS and rrnL genes between P. albicans 241 and P. maximus is 98 % and 96.7 %, respectively. In P. albicans only 20 transfer 242
RNAs were identified. Sixteen tRNAs were identified with tRNAScan-SE and 3 243 tRNAs (trnR, trnS1 and trnS2) using MITOS annotation web service. The trnL1 244 and trnM were not found because they might be located in the beginning of the 245 control region, which was not sequenced. The mitogenome of P. maximus 246 encodes a total of 22 tRNA genes, 19 tRNAs were identified with tRNAScan-SE 247 and 3 tRNAs (trnM, trnS1 and trnS2) using MITOS annotation web service. The 248 tRNAs in both Pecten species ranged from 63 (trnL2) to 71 nucleotides (trnQ and 249 trnR). In both scallop species two trnSs were detected. On the other hand, a 250
second trnL was identified only in the beginning of the control region of P. 251 maximus. The inferred secondary structures for the two mitogenomes showed 252 that most tRNAs formed typical cloverleaf secondary structures (Additional file 253 S1). However, in some tRNAs non Watson-Crick matches, unpaired nucleotides 254 and aberrant loops were found. One non Watson-Crick base pair (C-C) was 255 detected in the D-arm of the trnR of P. maximus. Unpaired nucleotides were 256 detected in the C-arm of trnD from both P. albicans and P. maximus, as well as the 257 acceptor stem of trnM in P. maximus. Finally, the genes trnL2 and trnQ from both 258
Pecten species formed a non-canonical oversized 9 nt anticodon loop. 259
Gene arrangement 260
The mitochondrial gene order of P. albicans and P. maximus displayed the 261 same gene order arrangement, except for last two tRNAs identified in P. maximus 262 that could not be found in P. albicans due to unconcluded sequencing of the 263 region downstream the gene trnT. The mitochondrial gene order revealed in this 264 study constitutes a novel gene arrangement among metazoans. Two highly 265 conserved gene clusters (nad6-trnL-cytb and nad1-rrnL-cox1) were detected in 266 most scallop species with available mitogenomes (see Fig. 2 ), except for P. 267 magellanicus (subfamily Palliolinae). The sequences spanning the 3' end of the 268 nad1 through 5' end of the cox1 gene were determined in 6 different scallop 269 species (GenBank access numbers from KP900976 to KP900981). Depending on 270 species, the insertion of trnR between the genes nad1 and rrnL, and trnM 271 between the genes rrnL and cox1 were detected (Fig. 2) . Overall, gene cluster 272 nad1-rrnL-cox1 is present in the mitogenomes of 13 scallop species, whereas the 273 gene cluster nad6-trnL-cytb was detected in a total of 8 scallop species. The 274 mitogenomes of the genera Argopecten (tribe Aequipectini) and Pecten 275 (subfamily Pectininae) shared two large similar gene clusters rrnS-trnQ-trnV-276
nad1-trnR-rrnL-cox1-trnaF-trnE-nad6-trnL-cytb-cox2-nad4L-cox3-nad3-nad4 and 277
trnH-trnW-trnP-nad5-atp6-trnC-trnY-trnT-trnL-trnM, with just few gene 278 insertion and deletion differences (Fig. 3) . At least 9 rearrangement events were 279 identified between the mitogenomes of A. purpuratus and P. maximus including 280 two trna gene insertions, one trna gene deletion, and the translocation of four 281 trna genes, one PCG and the control region (Fig. 3) . (Fig. 2) . Additionally belonging to the subfamily Chlamydinae (Fig. 2) . Three conserved gene clusters 346
trnD-cox3-trnK-trnF-trnQ-trnE-atp6-cox2-nad2, and 347
nad1-trnR-rrnL-trnM) are shared among these three genera. Similarly, the 348 synapomorphy of two large gene clusters identified in our results (rrnS-trnQ-349
trnV-nad1-trnR-rrnL-cox1-trnaF-trnE-nad6-trnL-cytb-cox2-nad4L-cox3-nad3-350 nad4 and trnH-trnW-trnP-nad5-atp6-trnC-trnY-trnT-trnL-trnM) between genera 351
Argopecten and Pecten, supports the sister relationship between tribe 352 Aequipectini (genus Argopecten) and subfamily Pectininae (genus Pecten) (Fig.  353 3). Argopecten and Pecten species (Fig. 3) . This result suggests that the control 378 region in the family Pectinidae is a potential hotspot for gene rearrangement. In 379 metazoan mitogenomes, the control region neighborhood has been recognized as 380 Crassostrea gigas (EU672831) were used as outgroups. 481 
